A thermodynamic analysis of the V-H binary system has been performed by combining first-principles calculations with the CALPHAD approach. In order to represent the order-disorder transition between the monoclinic 1 and body-centered tetragonal 2 phases arising from the ordering of H atoms located at the octahedral interstitial sites, a (V) 1=2 (H,Va) 1=4 (H,Va) 1=4 -type three-sublattice model was applied. The formation energies of the -VH 2 hydride phase and solid solution phases were calculated in the ground state using the Full-potential Linearized Augmented Plane Wave method, and the estimated values were introduced into a CALPHAD-type thermodynamic analysis, along with some experimental information on the phase boundaries and the hydrogen isotherms. The calculated phase diagram and hydrogen isotherms were in good agreement with these experimental results.
Introduction
Vanadium forms a CaF 2 -type hydride phase -VH 2 and absorbs about 3.8 mass%H. The pressure plateau is used as an indication of the performance as a hydrogen storage alloy, and V is known to show a plateau near room temperature and normal pressure. Because of such useful properties, various kinds of V-based hydrogen storage alloys can be expected, and therefore information on accurate phase equilibria for the alloys as well as on the equilibrium H pressure is required for alloy design.
A number of studies on the V-H binary system have been performed, and experimental results on phase equilibria were assessed by Smith and Peterson, 1) as shown in Fig. 1 . The V-H binary phase diagram consists of the gas phase, the solid solution , and four kinds of hydride phases, 1 , 2 , V 3 H 2 and -VH 2 . The terminal solid solution extends to the very high H concentration. The 1 phase with monoclinic structure with the H located at octahedral sites of a bct lattice has a wide range of homogeneity extending on both sides of stoichiometric V 2 H. This 1 phase undergoes a second order transformation to 2 with a bct structure. Below 400 K, a broad two-phase field forms between the phase and 1 phase. The low-temperature transformation around 223 K in the 1 phase results in the V 3 H 2 phase with a monoclinic structure. The -VH 2 phase has a rather narrow range of homogeneity in the higher H concentration. For this binary system, the phase boundaries in the V-rich region were established; on the other hand, phase equilibria for the 1 and 2 phases in the lower temperature range, and phase fields for and V 3 H 2 were not well characterized. Thus, the objective of this study was to clarify the phase equilibria of the V-H binary system over the entire composition range, based on the Calculation of Phase Diagrams (CALPHAD) method.
2) Some thermodynamic properties that were not available experimentally were evaluated by incorporating first-principles calculations.
Computational Procedures
This section discusses the computational procedures used in the first-principles calculations and the expression for the Gibbs free energy.
First-principles calculations of the formation energy
The enthalpy of formation of the hydride phases was calculated using the Full Potential Linearized Augmented Plane Wave (FLAPW) method. The FLAPW method, as implemented in the WIEN2k software package, 3) is one of the most accurate schemes for electronic calculations, and allows precise calculations of the total energies in solids. Therefore, this method is most appropriate for evaluation of relative thermodynamic properties such as the formation enthalpy and so on. The exchange-correlation functional was described by the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 96 form. 4) Plane-wave cutoff energy was set to 270 eV throughout the calculation. For the integration we used 12 Â 12 Â 12 k-points mesh in the whole first Brillouin zone. 1) Rush and Flotow 5) and Hirabayashi 6) deduced from inelastic neutron-scattering results that H atoms occupy only the tetrahedral interstitial sites. Based on the experimental information, the two-sublattice model (V) 1=7 (H,Va) 6=7 was applied to the phase, as was employed in our previous work, 7) and the Gibbs energy is expressed as follows. 
The 1 and 2 phases
The crystal structures of the 1 and 2 phases are monoclinic and body-centered tetragonal, respectively. [9] [10] [11] [12] [13] [14] Hydrogen atoms in these structures are located at the specific octahedral interstitial site called Oz.
15) The Oz sites are further divided into two types of interstitial positions, Oz 1 and Oz 2 , as shown in Fig. 2 . In the 1 phase, H atoms are preferentially located at the Oz 1 sites, and consequently the ordered structure with C2=m space group forms. On the other hand, the H occupation probability extends to include the Oz 2 sites in the 2 phase, and hence the H atoms occupy both the Oz 1 and Oz 2 sites randomly. Thus, this structure is a random solution of H atoms and vacancies at the interstitial sites. Considering this atomic configuration for the 1 and 2 phases, it may be possible to treat the phase equilibria between these two phases as a type of order-disorder transition on the interstitial sublattice. The Gibbs energies were thus described by the (V) 1=2 (H,Va) 1=4 (H,Va) 1=4 -type three-sublattice model for the 1 and 2 phases. This thermodynamic model makes it possible to express the preferential occupation of the Oz 1 sites in the 1 phase when the second sublattice is fully occupied by H atoms and the third sublattice consists of vacancies. On the other hand, the Gibbs energy of the 2 phase is defined when the second and third sublattices are equivalent.
The description for the thermodynamic modeling of an order-disorder transition was introduced by Ansara et al., 16) and allows the Gibbs energy of the disordered phase and the ordering energy contribution to be evaluated independently. 17, 18) However, no identification with neutron diffraction is available for this phase. In our previous paper for the Ti-H and Zr-H binary systems, 7) the Gibbs energy of the fluorite-type MH 2 hydride was described by the (M) 1=3 (H,Va) 2=3 -type two-sublattice model, and then the same model was applied to this phase. The Gibbs energy is given by 
According to the electron diffraction measurements by Wanagel et al. 9) and Asano and Hirabayashi, 19) the crystal structure of the V 3 H 2 phase is monoclinic. The H atoms occupy the octahedral interstitial sites in an arrangement such that every third (101) plane is missing. However, there are no crystal structure data for the V 3 H 2 phase using X-ray or neutron diffraction. In the present study, this hydride phase is treated as a stoichiometric compound, and the Gibbs energy is described as follows. have been investigated. Several hydrogen isotherms have been determined 17, 22, 26, [33] [34] [35] [36] in the temperature range of 283 to 823 K. Among these experimental data, hydrogen isotherms in the range of Xð¼ x H =x V Þ 0:8 were obtained using the absorption process. On the other hand, the data for X ! 0:8 were obtained using the desorption process. Because of the hysteresis arising in the absorption and desorption processes, these data should not be used together in the thermodynamic assessment. However, according to Veleckis and Edwards, 33) hysteresis was not observed in the V-rich region. Thus, in the present study, both of these data were utilized in the optimization to evaluate the thermodynamic properties for a wide range of composition and temperature.
In addition to the experimental information, we carried out a ground state analysis on the bcc phase by constructing superstructures based on the Im " 3 3m space group, following the procedures described in detail in our previous work.
7 ) The ground-state analysis was performed using the superstructures constructed by changing the stack of atoms along a given direction of the parent bcc structure lattice. 7, 37, 38) Eighty two types of superstructure for the bcc phase were used during the analysis and the seven structures having the lowest energies at the corresponding compositions were selected, as given in Table 1 . We used these first-principles values as a kind of experimental information to evaluate our thermodynamic parameters given in eq. (3). The formation enthalpy as well as the crystallographic data for the -VH 2 phases at 0 K was also determined, as listed in Table 2 . The thermodynamic functions determined using these theoretical values were also included in the thermodynamic analysis.
Calculation of the phase diagram and hydrogen
isotherms In this work, the recommended values of Dinsdale 39) were adopted for the lattice stability parameters of the pure Table 1 Crystal structure information and calculated enthalpy of formation for the bcc-based compound.
Composition/at.%H Space group Calculated lattice parameters/nm Calculated enthalpy of formation/J mol Table 2 The calculated enthalpy of formation of the hydride phase.
Phase Space group Calculated lattice parameters/nm Calculated enthalpy of formation/J mol
elements, and thermodynamic parameters for gaseous species were obtained from the values of the SSUB database in the Thermo-Calc software. These parameters are listed in Tables 3 and 4 . The thermodynamic description of the V-H binary system is shown in Table 5 .
The calculated results for the phase diagram and the hydrogen isotherms in the binary alloy are compared with some selected experimental data in Figs. 3 and 4 , respectively. In Fig. 3 , the calculated phase boundaries at 0.1 MPa are shown by solid lines and the dashed and dotted lines are for those at 10 MPa. The order-disorder transition curve between the 1 and 2 phases is depicted by the dashed line.
The experimental phase boundary for the ( 2 þ ) region at 10 MPa was estimated from the plateau region in the hydrogen isotherms measured by Reilly and Wiswall, 17) and thus they are metastable at 0.1 MPa. Under such high pressure, the phase becomes more stable than at atmospheric pressure and the phase equilibria of the ( 2 þ ) region are somewhat altered.
The formation energies of the phase evaluated by firstprinciples calculations are shown in Fig. 5 , where the solid line represents the result obtained by the thermodynamic analysis. An abrupt increase in energy near the stoichiometric composition is observed, which is due to the repulsive Table 3 Lattice stability parameters for V.
Phase
Lattice stability parameters/J mol 
Thermodynamic Analysis of the V-H Binary Phase Diagraminteraction between the nearest neighbor H atoms in the bcc lattice. An inflection point was observed in the formation energy curve in the V-rich region, so two phase separations in the phase are expected, the same as in the cases of the Ti-H and Zr-H binary systems. 7) The calculated metastable miscibility gap in the phase is shown by the dashed line in Fig. 6 . The symbols in this figure denote the experimental incoherent spinodal determined by Bauer et al.
23) The location of the spinodal curve agrees well with the calculated miscibility gap.
Conclusions
A thermodynamic analysis of the V-H binary system was performed by incorporating first-principles calculations into the CALPHAD approach, yielding the following results. Table 5 Optimized thermodynamic parameters for the V-H binary system.
Phase
Thermodynamic parameters/J mol (1) A ground state analysis on the bcc solid solution was performed by constructing various superstructures based on the Im " 3 3m space group. The result predicted an abrupt increase in formation energy near the stoichiometric composition. This is caused by the strong repulsive interaction between the nearest neighbor H atoms in the bcc lattice. The formation of a miscibility gap in the phase in the V-rich region was also revealed from this calculation.
(2) The calculated phase diagram and the hydrogen isotherms showed good agreement with the corresponding experimental results. In particular, phase equilibrium between the 1 and 2 phases was treated as an ordering transition in an arrangement of the H atoms at the octahedral interstitial sites, and the calculated result could illustrate well the experimental phase boundaries. Thermodynamic Analysis of the V-H Binary Phase Diagram
